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Poly(methyl methacrylate) (PMMA)Bundled and self-aligned ﬁbers were obtained by electrospinning blends of polystyrene (PS) and poly
(methyl methacrylate) (PMMA) with a hairy-rod polyphenylene-g-polystyrene/poly(a-caprolactone) (PP-g-
PS/PCL) copolymer. The self-alignment and bundling characteristics of these electrospun ﬁbers were
ascribed to the unique molecular architecture of the conjugated polymer, PP-g-PS/PCL, and its interactions
with the solvent and the polymer matrixes used for the electrospinning. The self-alignment and bundling
was found to be much more pronounced for PP-g-PS/PCL-PS blend when compared to PP-g-PS/PCL-PMMA
blend. Furthermore we found that the degree of self-alignment of the ﬁber bundles was enhanced by
increasing the amount of PP-g-PS/PCL in the blends but the alignment completely disappeared when the
solvent dimethylformamide was changed to chloroform.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
Electrospinning is a very versatile and cost effective technique for
producing multi-functional nanoﬁbers from various polymers, polymer
blends and composite solutions, etc. [1–3]. Electrospun ﬁbers of
conjugated polymers have received attention due to their unique
properties and potential applications as electrical and optical materials
[4–8]. However, most of the cases the intractability of conjugated
polymers prohibit the electrospinning of ﬁbers by themselves, so ﬁbers
of conjugated polymers have mainly been obtained by blending with
other polymers which can be easily electrospun [4,5].
In this study we attempted to electrospin ﬁbers from hairy-rod
conjugated copolymer, polyphenylene-g-polystyrene/poly(a-caprolac-
tone) (PP-g-PS/PCL), however, the electrospinning of pure PP-g-PS/PCL
yielded only nano or micron size particles instead of ﬁbers. Nonetheless
ﬁbers were successfully electrospun from PP-g-PS/PCL when blended
with polystyrene (PS) or poly(methyl methacrylate) (PMMA). Surpris-
ingly, itwas observed that the electrospunPP-g-PS/PCL-PS and PP-g-PS/
PCL-PMMA ﬁbers were bundled and self-aligned when collected on a
stationary ﬂat sheet collector. Based on the experimental ﬁndings the
self-alignment and the bundling characteristics of the PP-g-PS/PCL-PSl.: +90 312 2903571; fax: +90
12 285 6386.
. Uyar), yusuf@itu.edu.tr
ll rights reserved.and PP-g-PS/PCL-PMMA ﬁbers were attributed to the unique molecular
architecture of the conjugated polymer, PP-g-PS/PCL, and its interac-
tions with the solvent (N,N-dimethylformamide (DMF)) and the
polymer matrixes (PS and PMMA). Additionally, to the best of our
knowledge, this is the ﬁrst report on electrospinning of ﬁbers derived
from polyphenylenes (PPs) or their derivatives.
2. Experimental
2.1. Materials
Polystyrene (PS) (Mw~280,000, Sigma), poly(methyl methacry-
late) (PMMA) (Mw~350,000, Aldrich) and N,N-dimethylformamide
(DMF) (Fluka, 98%) were used as purchased. The poly-p-phenylene 3
(PP-g-PS/PCL) (Scheme 1) containing both PS and PCL side chains,
was synthesized by Yamamoto co-polycondensation. The synthesis
details together with structural characterizations of PP-g-PS/PCL were
previously reported [9,10].
2.2. Electrospinning
The homogeneous solution of PMMA, PS, PP-g-PS/PCL, and the
blends of PP-g-PS/PCL-PS and PP-g-PS/PCL-PMMA were prepared in
DMF and then electrospun. The homogeneous polymer solutions were
placed in a 1 ml syringe ﬁtted with a metallic needle (0.4 mm inner
diameter). The syringe was ﬁxed horizontally on the syringe pump
Scheme 1. Synthesis of polyphenylene-g-polystyrene/poly(e-caprolactone) copolymer
(PP-g-PS/PCL) by Yamamoto polycondensation; n=24.12, m=18.47; x=0.58; y=0.42
[9,10].
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(Spellman,MP Series)was used. The applied electrospinning parameters
were as follows; applied voltage=15 kV, feed rate=1mL/h, and tip-to-
collector distance=10 cm. A grounded stationary rectangular metal
collector plate (15×20 cm) covered bya pieceof aluminum foilwas used
for the ﬁber deposition. The solution content and the morphologies of
the resulting electrospunﬁbers are presented inTable 1. In the case of PP-
g-PS/PCL-PS blend (1:1 w/w ratio), the solution was also prepared in
chloroform for comparison and electrospun under the same conditions.
The morphologies of the ﬁbers were investigated by high resolution
scanning electron microscopy (SEM) (FEI, Nova 600 NanoSEM).
3. Results and discussion
Table 1 shows the composition and the concentration of the polymer
solutions which only yielded bead-free ﬁbers. The resulting average
ﬁber diameter (AFD) and themorphologies of the electrospun ﬁbers are
also given. The SEM images in Fig.1 shows the electrospinning result for
the pure polymer matrixes; PP-g-PS/PCL, PS and PMMA. Initially, the
pure PP-g-PS/PCLwaselectrospun, however, the electrospinningof pure
PP-g-PS/PCL has resulted in only nano andmicron size particles instead
of ﬁbers and this result is most likely due to the low molecular weight
characteristics of PP-g-PS/PCL (Fig. 1a). Pure PS and PMMA were
electrospun easily and resulted in randomly oriented ﬁbers in the form
of non-woven (Fig. 1b–c). So, PP-g-PS/PCL was subsequently blended
with PMMA and PS polymers that can be easily electrospun into ﬁbers.
However, we found that for the same electrospinning conditions,
the blends of PP-g-PS/PCL-PS (Fig. 2a–b) and PP-g-PS/PCL-PMMA
(Fig. 2d–f) yielded ﬁbers which were mostly bundled with someTable 1
The solution compositions and the diameter/morphology of the resulting electrospun ﬁber
Solutions % PMMA (w/v) % PS (w/v) % PP-g-PS/PCL (w/v) A
PP-g-PS/PCL – – 50 –
PS – 25 – 1
PP-g-PS/PCL-PS (0.5:1) – 15 7.5 0
PP-g-PS/PCL-PS (1:1) – 15 15 1
PMMA 15 – – 0
PP-g-PS/PCL-PMMA (0.5:1) 10 – 5 0
PP-g-PS/PCL-PMMA (1:1) 10 – 10 0
PP-g-PS/PCL-PMMA (2:1) 10 – 20 1alignment. The self-alignment was found to be much more
pronounced for PP-g-PS/PCL-PS blends when compared with PP-g-
PS/PCL-PMMA blends, and furthermore the self-alignment feature
was enhanced by the increasing amount of PP-g-PS/PCL in the blends.
To have a better understanding, the electrospinning of PP-g-PS/PCL-PS
polymer blend was also performed in chloroform, and it was found
that the morphology of the webs strongly depends on the solvent
used. In the case of the chloroform the ﬁbers were randomly oriented
(Fig. 2c) whereas self-aligned and bundled ﬁbers of PP-g-PS/PCL-PS
were obtained when DMF was used as solvent (Fig. 2a–b).
The observed spontaneous bundling and alignment of the ﬁbers at
the macroscopic level may be a consequence of several factors acting
simultaneously. One of them is related to the internal structuring by
hierarchical self-assembly through microphase separation in a spatial
cylindrical conﬁnement [6] created by the polymers used as matrixes.
The formation of such a cylindrical conﬁnement may occur due to the
speciﬁc interactions of the polymer matrixes (PS and PMMA)with the
amphiphile PP-g-PS/PCL copolymer and with the solvent during the
solvent evaporation and the ﬁnal drying steps. In fact we can refer to a
morphological transition during the electrospinning process from one
type of the order in the solution to another type of the order in the
ﬁber form. Although more detailed studies are needed, the formation
of hierarchical self-assembly of the blends' structure in solution and in
the ﬁber form at the molecular level is quite likely to occur. If we
assume that in both the DMF solution and in the solid ﬁber state we
have a cylindrical morphology of HR, namely the cylindrical micelles,
this transition develops during solvent evaporation.
In our investigated blends, the amphiphile PP-g-PS/PCL has low
molecular weight providing sufﬁcient mobility for coalescence
processes to occur prior to solidiﬁcation of the ﬁbers. Also it was
shown that in the case of ﬁlm morphology studied for the same
conjugated PP-g-PS/PCL, the PS side chains can be found in the top
layer [10] due to its lower surface energy when compared to PCL. In
the electrospinning process the dynamics of a polymer blend is driven
by the surface tension, since a reduction of the surface free energy is
associated with the evaporative process. Indeed, we suppose that the
completely dried form of the PS matrix is present on the surface of the
ﬁber due to their lower surface energy while the immiscible OH-
ended PCL oligomeric side chains are oriented into the core of the
aggregates. Strong intermolecular hydrogen bonds between OH
groups are expected to stabilize the supposed supramolecular self-
assembly. Moreover, the stretching of ﬁbers in the electrospinning
process may orient conjugated polymers molecules along the long-
itudinal direction of the ﬁbers, thus increasing its charge-carrier
mobility [5] and concomitantly facilitates the formation of continuous
electrical conduction paths throughout the electrospun ﬁber seg-
ments. This will result in discharging the surface of the electrospun
ﬁbers and therefore, reducing the repulsion between the individual
ﬁbers during electrospinning process.
After the ﬁber has been ejected from the tip of the needle, two types
of electrostatic forces mainly control its subsequent motion towards the
collector plate: (i) the force exerted by the strong external ﬁeld, and (ii)
the force exerted by any adjacent charged ﬁber [2]. Generally, when a
continuous stationary conductive plate is used as collector theses.
verage ﬁber diameter (µm) Morphology
Nano and micron size particles
.959±0.162 Randomly oriented microﬁbers
.803±0.138 Bundled nanoﬁbers with some alignment
.051±0.160 Bundled nanoﬁbers/microﬁbers with major alignment
.977±0.088 Randomly oriented nanoﬁbers
.441±0.134 Some bundled nanoﬁbers
.557±0.057 Bundled nanoﬁbers with some alignment
.495±0.137 Bundled microﬁbers with some alignment
Fig. 1. (a) SEM image of electrosprayed PP-g-PS/PCL particles from 50% (w/v) concentration in DMF. SEM images of electrospun ﬁbers obtained from (b) 25% (w/v) PS in DMF,
(c) 15% (w/v) PMMA in DMF.
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collector. So, in principle there should be no ordering/alignment for the
collected ﬁbers which were also observed for PS and PMMAused in this
study (Fig. 1b–c). However, for the ﬁbers produced from the PP-g-PS/
PCL-PS blends, uniaxially aligned bundleswere observed spontaneously,
and in this case the properties of the ﬁbers may inﬂuence the above-
mentioned forces, most likely the electrical conductivity through the
ﬁbers since the charges can be adjusted by conduction [11]. The
dischargingof the surface of the electrospun ﬁbers reduces the repulsion
between the individual ﬁbers during electrospinning process and
therefore, ﬁber bundles can be formed. When the positive charge
carrying ﬁber jet moves toward the negative collector, the bundle
depositionpattern is expected to bedirectedby the intensityof its charge
and by the repulsive forces already exerted on the deposited bundles.
These collected charged ﬁbersmay repel the incoming similarly charged
ﬁbers and drive them towards the nearby conducting points on the
collector for easier charge dissipationwhich preponderantly takes placeFig. 2. SEM images of electrospun ﬁbers obtained from polymer solutions of (a) PP-g-PS/PCL-
(1:1, w/w) in chloroform. SEM images of electrospun ﬁbers of (d) PP-g-PS/PCL-PMMA (0.5through the electro-conducting conjugated self-assembled chains into
the ﬁbers of the bundles. The electrostatic repulsion between the
deposited and incoming bundles may further enhance the parallel
alignment since this morphology represents the lowest energy conﬁg-
uration for an array system of charged ﬁbers [12]. Thus, the bundle
formation and the self-alignmentof the electrospunﬁbers fromPP-g-PS/
PCL-PS blends may be explained as follows: (i) The highly charged
viscous jets tightly looped andwere preserved in the shape of solidﬁbers
[13], (ii) The signiﬁcant amount of the residual solvent can produce
mergedﬁbers upon reaching the collector [14]; this is due to the fact that
the boiling point of DMF is fairly high, and therewas not enough time for
the solvent in the charged jet to completely evaporate before the “dried”
ﬁbers are deposited on the collector [15], (iii) The formation of the
bundle and the self-alignment is due to the PS cylindrical conﬁnement
and the fact that it is probably located on the surface of the ﬁbers.
As observed from the SEM images (Fig. 2d–f), the degree of bundling
and alignment is low when PMMA is used as a matrix, as compared toPS (0.5:1, w/w) in DMF, (b) PP-g-PS/PCL-PS (1:1, w/w) in DMF and (c) PP-g-PS/PCL-PS
:1, w/w), (e) PP-g-PS/PCL-PMMA (1:1, w/w) and (f) PP-g-PS/PCL-PMMA (2:1, w/w).
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overall charge density of the ﬁbers in this case is higher due to the polar
nature of PMMA that may induce a more intense dipole-dipole
interaction with the polar DMF solvent as compared to the case for PS.
Thismay induce a slower rate of evaporation and a higher amount of the
residual solvent of thedepositedﬁbers. Thepresence of thePMMA in the
blend increases thedielectric constant (3.9 compared to 2.56 for PS). The
larger dielectric constant leads to a larger Coulombic repulsion force, i.e.
a higher electrostatic repulsion, that overcomes themolecular cohesion
resulting in a decreased tendency for bundling of the ﬁbers.
4. Conclusion
In summary, self-aligned bundled ﬁbers of PP-g-PS/PCL-PS and PP-
g-PS/PCL-PMMAwere obtained by the electrospinning technique. The
self-alignment and bundling characteristics of these electrospun
ﬁbers were attributed to the unique molecular architecture of the
conjugated polymer; PP-g-PS/PCL, and its peculiar interactions with
the solvent (DMF) and the polymer matrixes (PS and PMMA) used for
the electrospinning. The differences in ﬁbers morphology for the two
studied matrixes may reﬂect differences in self-assembly kinetics for
the apolar and polar nature of PS and PMMA, respectively. Despite
these differences, bundling and alignment at the macroscopic level
was observed in both cases (being more effective in the case of PP-g-
PS/PCL-PS blend), demonstrating its dependence on the peculiar
architecture and behavior of the used conjugated polymers in the
studied blends. Future surface analyses will provide us further
insightful information for understanding the bundling and sponta-neous alignment of these ﬁbers. The optical properties of these ﬁbers
are also in our interest for the future studies.
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